Abstract To date, the cost-effective utilization of solar energy by photovoltaics for large-scale deployment remains challenging. Further cost minimization and efficiency maximization, through reduction of material consumption, simplification of device fabrication as well as optimization of device structure and geometry, are required. The usage of 1D nanomaterials is attractive due to the outstanding light coupling effect, the ease of fabrication, and integration with one-dimensional (1-D) semiconductor materials. The light absorption efficiency can be enhanced significantly, and the corresponding light-toelectricity conversion efficiency can be as high as their bulk counterparts. Also, the amount of active materials used can be reduced. This review summarizes the recent development of 1-D nanomaterials for photovoltaic applications, including the anti-reflection, the light absorption, the minority diffusion, and the semiconductor junction properties. With solid progress and prospect shown in the past 10 years, 1-D semiconductor nanomaterials are attractive and promising for the realization of high-efficiency and low-cost solar cells.
Introduction
''Historical solar energy'' stored in the form of chemical bonds in fossil fuels, such as coal, oil, and so on, are about to exhaust in the next hundred years. More importantly, consumption of these fuels for power generation would emit a lot of hazardous and toxic pollutant gases, such as NO x , SO x , and a large amount of greenhouse gas, CO 2 , thus threatening the living environment of human beings. Thus, in order to achieve sustainability and create an environmentally friendly human society, abundant and clean energy are essential. In this context, ''daily solar energy'' is infinite and produces zero-emission, and is believed to be one of the most prospective candidates [1] [2] [3] [4] . The solar energy received by earth in 1 h is estimated to be enough for the entire human society consumption for 1 year. However, the utilization efficiency for the natural photosynthesis by green plants is rather low (*1 %) [1] , and consequently, more effective utilization of solar energy has attracted increasing attention all over the world in the form of photovoltaics; by converting sunlight into electricity, solar heat by storing solar energy in water, solar hydrogen production by generating clean fuel, H 2 , and so on. Amongst all, the available know-how photovoltaic is the first commercialized technology, and is currently one of the most widely installed and used renewable energies around the world.
Nevertheless, the overall solar energy usage contributes only *0.1 % to the global energy consumption due to the relatively high monetary energy cost. The energy cost and conversion efficiency of different kinds of photovoltaic materials and technologies are summarized in Fig. 1 [1] . For the first generation of single crystalline silicon based solar panels, the efficiency approaches the ShockleyQueisser limit and reaches around 20 %, but the material synthesis, the cell integration, and the packaging and transportation still contribute a significant part of the overall cost, thus they are not cost attractive for terrestrial use. For the second generation of thin film based solar cells, the aims are to lower the overall costs and increase the cost effectiveness by having a moderate efficiency while reducing the high material costs. However, this approach still suffers from relatively high cost (5-10 folds) as compared with traditional fuel-electricity or waterelectricity. In this regard, for the third generation of photovoltaics the aims are to achieve higher efficiency as well as lower production cost in order to be price competitive. In general, the ultimate solar cell efficiency has its theoretical limit known as the Shockley-Queisser or the thermodynamic limit, which restricts the cost effectiveness by capping the cell efficiency. Due to the recent advent of nanotechnology, the energy cost effectiveness of photovoltaics can be greatly increased by using nanostructured materials, the material consumption in the cell fabrication process and hence the cost is reduced. As a result, nanostructured materials especially 1-dimensional (1-D) nanowires (NWs) are widely adopted as both the active junction materials and the anti-reflection layers, and high-efficiency and low-cost photovoltaics are obtained.
Also, there is a need for special and portable power sources, such as flexible and wearable solar cells for clothing, transparent cells for smart phones and self-powered windows, and so forth [5, 6] . Conventional rigid Si panels and thin film devices cannot serve as the active cell materials in these cases, because they are neither flexible to be compatible with bending, nor transparent to be adopted for see through applications. Hence, highly-efficient and low-weight NW based solar cells is an ideal candidate for these smart flexible power supplies, since the nanomaterials can alleviate mechanical strain easily and absorb and transmit sufficient sunlight when put on glasses [7] . 1-D nanomaterials are attractive and promising for terrestrial photovoltaics and smart flexible power sources, because of their efficient coupling with sunlight and effective light-toelectricity conversion capabilities, as detailed in the following sections. The synthesis of 1-D semiconductor nanomaterials are well overviewed in Refs. [8] [9] [10] [11] , hence they will not emphasized herein and will be incorporated into different sections where they are mentioned. Similarly, many articles have been written on the design and fabrication of photovoltaic devices (Refs. [12] [13] [14] [15] [16] ). Therefore, we dedicate this review to the challenge, design and fabrication of NWs-based photovoltaics emphasizing on important parameters such as light scattering and absorption, electron/hole generation, and separation and collection by the device junctions.
Light scattering and absorption properties of 1-D nanomaterials
Solid material absorbs incident light, and according to the Lambert-Bill law the absorption A can be written as A = kd where k is a constant, and d is the material thickness. Hence, photovoltaic cells should have enough active material thickness for effective absorption of sunlight. However, this is based on ray optics with the assumption that the absorber has a much larger dimension than the wavelength of incident light. For nanostructured materials with dimensions comparable with or smaller than the wavelength of incident light, resonance will occur and ray optics is no longer valid. The light absorption area is enhanced and the physical cross-sectional projected area is greatly increased [17, 18] . Besides the dimension, other Comparison of different photovoltaic technologies with respect to both the cost and efficiency. The ShockleyQueisser limit is based on single-junction photovoltaics which is *30 % as photons with energy lower than the bandgap will not be absorbed while those with higher energy will thermalize. However, if this extra energy can be fully utilized to generate electricity rather than thermally lost, the efficiency would increase to *70 % giving the thermodynamic limit. Reprinted with permission from Ref. [1] factors such as crystal phase and orientation will also significantly affect the resonance absorption efficiency [19] . For example, Heiss and Morral [20] have simulated the light absorption of a horizontal nanowire lying flat down on a substrate as shown in Fig. 2a [23] . Therefore, nanostructured materials are advantageous in absorbing sunlight in a cost-effective manner, and their potentials in increasing the photovoltaic cost effectiveness and reducing the electricity production cost are demonstrated. 1-D nanostructures also exhibit distinguished anti-reflection and light trapping effect, the light is scattered back and forth and the light absorption depth is increased [24] [25] [26] [27] [28] . This kind of anti-reflection layer is essential in maximizing the absorption of incident sunlight, and is extremely important for thin film photovoltaics since the typical active cell material thickness is in the micrometer scale only; this thickness is normally considered too thin for sufficient photon absorption. Recently, Fan's group have developed various kinds of structures, such as nanocones, nanospikes, integrated nanopillars, and nanowells, on aluminum via anodic oxidation technology, in order to minimize the optical reflection to below 5 % [29] [30] [31] [32] . Likewise, we have also designed and developed different types of 1-D Si nanostructures, such as nanopillars, nanorods, nanopencils, nanocones, and others by wet chemical etching method, with an aim to integrate active cell structures with anti-reflection functionality [33, 34] . As shown in Fig. 3 , the simulation and the experimental results confirm that the well-developed nanopencil arrays are the most [20, 21] effective approach in absorbing sunlight with omnidirectional performance, and similar results have also been observed for tapered InP NW arrays with inverted nanopencil structure [35] and dual diameter nanopillar arrays [36] . All these results illustrate and confirm the advantages of using 1-D nanostructures in light trapping engineering, especially for active cell structures integrated with anti-reflection properties [37] .
3 Material design and synthesis for long minority diffusion length
In general, after sunlight is absorbed by semiconductor the phonons will excite electrons from the valence band (E v ) to the conduction band (E c ). The phonon generated electron/hole pair is not stable but should have a long enough lifetime (s) to be effectively collected by the built-in potential in the p-n junction. In this case, the time-resolved photoluminescence is a versatile technology in determining the minority lifetime, and a lifetime in the range of picoseconds (ps) to nanoseconds (ns) is usually measured for NW materials [38] [39] [40] [41] [42] . For example, Zhang et al. [43] recently observed that the carrier lifetimes of intrinsic and sulfur-doped InP Nanowires are 200-300 and 2-40 ps respectively. A more direct parameter is the diffusion length L of the minority carriers, which determines the ultimate collection of photon induced electron/hole pair. Based on the equation:
, where l is the mobility and kT/ e is a constant, L depends strongly on the minority carrier properties and is a combination of both the mobility and the lifetime [44, 45] . The diffusion length can be directly measured by electron-beam induced current (EBIC) method as detailed in Fig. 4 , according to the formula I EBIC µ I 0 exp(x/L D ). The measured results of the diffusion length are in good agreement with the calculated results, with a typical value *150 nm for GaAs NW [44] . Thus, s or L is one of the key factors in determining the overall efficiency of photovoltaic cell, and effective design should focus on eliminating the recombination center of the electron/hole, such as crystal defect, dopant, surface state, and so on. For nanomaterial, crystal defect easily exists owing to the thermodynamically comparable crystal phase and plane, and surface state is abundant because of the extraordinarily large surface-to-volume ratio of NWs with unbounded surface atom as compared with the bulk counterpart [46, 47] . Hence, controlling the crystal defect and the surface state are one of the major challenges in developing highly-efficiency nanowire based photovoltaics.
There are several ways to reduce the crystal defects of semiconductor NWs. Joyce et al. [48] and Krogstrup et al. [49] found that by tuning the V/III ratio and the growth temperature, phase-pure III-V NWs with minimized defects can be obtained. They also reported that by providing more active precursors for faster growth rate, the NWs grown will have better crystallinity [50] . Steffen et al. [51] found that self-catalyzed GaAs NWs have longer minority carrier lifetime as compared with Au catalyzed ones, probably due to the lower Au residual atom recombination centers, which most likely are located in the crystal defect sites [52] . In our previous studies, we found that by improving the supersaturation of Au-Ga alloy, the NWs grown will have better crystallinity due to the higher driven force for the NW growth [53, 54] . This supersaturation effect is also effective in other material systems, such as InAs NWs as reported by Zhang et al. [55] , and Ge NWs grown by O'Regan et al. [56, 57] All these results show that different growth optimization schemes are all [33] effective in reducing the crystal defects and obtaining highly crystalline semiconductor nanomaterials.
The surface states can be reduced significantly by two methods. One is the post-growth sulfide passivation method [58] , and the other one is the in situ inert shell fabrication [59] . Tajik et al. [60] found that GaAs surface states can be effectively reduced by post-growth ammonia sulfide (NH 4 ) 2 S x passivation, and the photovoltaic efficiency can be greatly enhanced. In recent years, the in situ shell growth is commonly adopted and proven to be very effective. For example, Mariani et al. [61] found that an InGaP shell layer can effectively alleviate the surface states of GaAs NWs, enhancing the corresponding device performance as shown in Fig. 5a-d . Kelzenberg et al. [63] also found that surface passivation of Si wires using a-Si or SiN can increase the minority carrier diffusion length L by up to and longer than 30 lm, and with low surface recombination velocity. In our previous study, we have developed an in situ sulfur passivation method [62] for the reduction of surface-states of GaSb and GaAs, and an record hole mobility of 200 cm 2 /(V s) has been obtained for *30 nm diameter GaSb nanowires as illustrated in Fig. 5e , f.
Junction design for efficient carrier separation
Long carrier lifetime or diffusion length can only provide the probability of generating photovoltaic electricity; the other required important parameter is high junction barrier height in order to drive the photo-induced electron/hole separation and collection. For further optimization with high flexibility in the structural design, conventional p-i-n junction and metal-insulator-semiconductor (MIS) Schottky barrier configurations can also be fabricated in nanomaterials [64, 65] . For example, the i-layer can be specifically designed to reduce junction current leakage. Holm et al. [66] fabricated a radial p-i-n junction GaAsP NW solar cell with InGaP as the passivation layer, and the cell exhibit an impressive high efficiency of 10 %. Typical axial p-i-n junction along a single Si nanowire and its photovoltaic performance are shown in Fig. 6a, b [64] . Adopting the p-InP substrate as the back contact and transparent conductive oxide (TCO) as the top transparent electrode, the NW arrayed solar cell yields a record high efficiency of 13.8 % with only *12 % coverage of the NWs on the surface [67] . There are also other promising junction designs, such as the three-dimensional (3D) p-n junctioned CdS/CdTe photovoltaic devices which yield high efficiency of *6 % on flexible substrates, as illustrated in Fig. 6c, d [7] . The unique advantage of radial junction structured solar cells is the orthogonal direction of light absorption versus carrier collection, the photocurrent is harvested more effectively and thus higher efficiency can be achieved.
On the other hand, NWs based metal-semiconductor Schottky barrier solar cells cannot provide the same high energy conversion efficiency as compared with junction structures. The main problem is that the well-known surface Fermi-level pinning, resulting from the abundant surface states of the high surface-to-volume ratio nanomaterials, hampers the effective device design and the fabrication of high Schottky barriers [68, 69] . This Fermilevel pinning is extremely severe in III-V compound semiconductors with high concentrations of surface states. For example, InAs NWs always have their surface Fermilevel pinned above the conduction band edge, which can only be eliminated by the novel design of InAs/InP core/ shell structure [70] . In our previous study [71] , we have also found that the Schottky barrier height is rather low for thermally deposited Ni-Au electrode contacts, and the open circuit voltage (V oc ) of the fabricated NW device is as low as *0.1 V. However, when we have employed Au/Ga catalyst tip as the Schottky electrode and used thermally deposited Ni as the Ohmic electrode, a much higher V oc of *0.6 V has been obtained, as illustrated in Fig. 7a-d . This high V oc corresponds well with the Schottky barrier estimation of Au/GaAs with Fermi levels of *5.3 and 4.8 eV, and is attributed to the atomic connection of the Au catalyst with the GaAs NW body without any surface/interface states. Moreover, the radial Schottky barrier has also been fabricated by Ye et al. [72] for CdS/Au core/shell structures.
Although the short circuit current (I sc ) is high, the V oc is still relatively low due to the unavoidable Fermi-level pinning. It should be noted that Schottky barrier solar cells have comparable high theoretical efficiency but lower cost due to its ease of fabrication as compared with the complicated and complex p-i-n junction structures. Therefore, it is a technological challenge and offers good opportunity for researchers to attempt realizing Schottky contact on nanomaterials for high-efficiency and low-cost photovoltaics. The versatility of NW structure designs can also facilitate the reinforcement of solar cell outputs. As shown in Fig. 8a, b , the p-i-n/p-i-n tandem structure can be easily fabricated using individual Si NW by tailoring the growth parameter, and thus the V oc of this structure can have a two-folds increase as compared with single junction ones [64] . Similar results have also been obtained using InP NWs [74] . Output enlargement is also attained for Schottky barrier photovoltaics [73, 75] . Yang et al. [73] reported using a Sc/Pd asymmetric Schottky contact, and carbon nanotube based photovoltaics have been easily obtained with higher V oc by tailoring the number of tandem electrode pairs. All these milestone and excellent results confirm the promising prospect of NW based high efficiency and low-cost. [64, [76] [77] [78] [79] , but the efficiency is now routinely increased to 5 %-10 %.
Excellent work by Krogstrup et al. [21] reported an apparent efficiency of *40 % beyond the Shockley-Queisser limit. This is due to the efficient light coupling effect of the NWs having diameters in the range of the wavelength of incident photon. It should be noted that single NW output is relatively low due to the small active absorption area as compared with its thin film counterpart, and the light concentrating effect is also limited. However, the advantages of lower material consumption and the unique configuration of NW arrayed cells are very attractive and promising for realizing highefficiency and low-cost solar devices, such as the ones demonstrated in Figs. 4, 5 . The overall progress of 1-D NW based photovoltaics is summarized in Table 1 , and the milestones in the development of NW based solar cells towards cost-effectiveness and smart power supplies can be seen easily.
Besides the benefit of lower material consumption by employing NWs there are other merits, for example, 1-D NWs can be grown on non-crystalline substrates such as SiO 2 , glass, and so on [82] , which can further reduce the material production cost as compared with epitaxial growth of crystalline thin films. Dhaka et al. [82] have synthesized GaAs NWs on glass substrates with high growth rate and high yield. We have also prepared GaAs NWs on SiO 2 substrates using solid-source chemical vapor deposition method, and the high-quality NWs have also been utilized for effective Schottky barrier solar cells [71, 83] . Hence, all [64, 73] these low-material production together with the simple and successful cell fabrication advantages show promises in the utilization of NWs for third-generation photovoltaic devices.
Conclusions and perspectives
In summary, 1D semiconductor nanomaterials for photovoltaic applications have been demonstrated with many promising advantages, such as lower material consumption and high photon-to-electricity conversion efficiency. The high efficiency is not only due to the effective light trapping and antireflection properties making full use of the incident sunlight, but also owing to the light concentrating effect of much larger photon absorption area as compared with their physical projected cross-sectional area. All these have been demonstrated with representative GaAs NW device with an apparent efficiency of 40 % beyond the Shockley-Queisser limit, and this high efficiency can be attributed to the resonant absorption of NW with diameter in the incident light wavelength range. Many challenges still exist due to the high surface-to-volume ratio of nanomaterials, such as the high concentration of recombination centers (e.g. crystal defect and surface state), which can shorten the minority carrier lifetime and the diffusion length. Also, the surface Fermi-level pining makes the fabrication of efficient NW junction difficult. Despite all these difficulties, high efficiency single NW photovoltaic devices have been fabricated, and InP nanowire arrayed solar cells with an efficiency of up to 13.8 % have been realized, and this efficiency is comparable with the thin film counterparts. Thus, significant progresses have been made in employing NWs as active device materials towards the third generation high-efficiency and low-cost photovoltaics.
Recently, many other advanced technologies have also emerged that can further enhance the NW based photovoltaic performances, such as incorporating Au nanoparticles to realize surface plasmon enhanced solar cells [84] [85] [86] , hot electron separation and collection [87] [88] [89] , realizing multiple-exciton generation [90] , as well as multiterminal NW solar cells [91] . Moreover, in order to eliminate the utilization of rare earth elements in III-V semiconductors, low-cost oxide-based photovoltaic devices are also being actively pursued. Even though at present the measured efficiency is low, in the order of 0.05 %-0.5 % due to the unsuitable bandgap and low carrier mobility (i.e. short diffusion length) [92, 93] , there are potentials for substantial improvement in the near future. Although photovoltaics always suffer from the shortcoming of fluctuation of sunlight with time and altitude, this can be overcome by complementary development of energy storage technologies such as batteries, and so on. In battery applications, using 1-D nanomaterials can also plays a key role in improving the energy storage capacity. Therefore, the 1-D semiconductor nanomaterials are attractive and promising active materials for improving solar energy conversion and storage, alleviating the problems of energy crisis, and contributing to green technology and well-being of mankind. 
